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INTRODUCTION
More than 7200 stillbirths occur every day globally, which amounts to 2.6 million stillbirths per year 1, 2 . The loss of a fetus is devastating for the parents, who often want to know the cause of fetal death and if there is an increased risk for future pregnancies or existing children 3 . Autopsy or postmortem examination remains the gold standard for the evaluation of fetal death and stillbirth, and has been used for more than 500 years 4 . Postmortem examination is valuable for confirming or refuting premorbid diagnosis and provides valuable information on the pathological cause of death and additional clinically significant information that may affect counseling and evaluation of the risk of recurrence [5] [6] [7] [8] . Establishing the cause of fetal death is of relevance for genetic counseling and the management of future pregnancies 9 , while it helps clinicians understand the etiology and pathophysiology of perinatal death and guides the advancement of further research in perinatal medicine.
In Western countries, a steady decline has been reported over recent years in conventional autopsy rates [10] [11] [12] [13] , to much lower than the 75% rate recommended by a working party of the Royal College of Obstetricians and Gynaecologists and the Royal College of Pathologists. This is owing to lack of parental consent 14, 15 , lack of skilled perinatal pathologists, cost containment, technical limitations of conventional autopsy -especially in postmortem brain examination [16] [17] [18] -and a low rate of autopsy requests by clinicians 19, 20 . Hence it has become important to find alternatives to conventional autopsy that are less invasive, accurate, widely available and acceptable.
Virtual autopsy using postmortem magnetic resonance imaging (MRI) has been reported since 1990 18 . Numerous studies from Western countries have now investigated the diagnostic accuracy of postmortem MRI compared with conventional autopsy, and few have been conclusive regarding agreement between the two methods [21] [22] [23] [24] . However, such data are lacking in India. Therefore, this study was conducted to compare virtual autopsy using postmortem MRI with conventional autopsy in the phenotypic characterization of stillbirths and fetal malformations, and to determine the acceptability of postmortem MRI vs conventional autopsy to the parents.
METHODS
This was a diagnostic evaluation study conducted prospectively at the All India Institute of Medical Sciences (AIIMS), New Delhi, from June 2013 to June 2015. Approval was obtained from the institute ethics committee (No: IESC/T-243/15.06.2013). As a regular practice, most postmortem investigations, including perinatal autopsy, are free of charge in our institute. Study participants were not charged for postmortem MRI as part of the MD research program.
Sample size was calculated using the formula n = (4 × P × Q)/D 2 , where P = percentage correct, Q = (1-P) and D = precision. For a precision of ± 7% with 95% confidence level and CI of ±11.5, assuming the percentage of correct diagnoses by postmortem MRI to be 90% 25 , we calculated that a sample size of 73 was required to determine the primary outcome. A feasible sample size of 50 was enrolled at the beginning of the study; however, only 43 cases could finally be analyzed to evaluate the primary outcome.
Study population
All cases of stillbirth and pregnancies terminated because of antenatally detected fetal malformations at ≥ 20 weeks' gestation that occurred during the study period, and for which parental consent to both conventional autopsy and postmortem MRI was obtained, were included in the study. Cases of fetal demise owing to maternal or obstetric causes were excluded. The decision to include only fetuses of at least 20 weeks' gestation was reached by consensus after discussion with the radiologists. The radiologists had 18 years (A.G., R.S.), 12 years (A.K.) and 7 years (M.J.) of experience in fetal imaging; however, postmortem MRI is a relatively new technique in our institution, so their exposure to postmortem imaging was limited to 1 year.
Fetal death was defined as delivery of a fetus showing no signs of life as indicated by absence of breathing, heart beats, pulsation of the umbilical cord or definite movements of voluntary muscles. Stillbirth was defined as fetal death at ≥ 20 weeks' gestation (if gestational age was known) or with a weight of ≥ 350 g (if gestational age was not known) 26 . Fetuses born to mothers admitted to the Department of Obstetrics and Gynaecology at AIIMS or stillborn/malformed fetuses from different hospitals brought to the Genetics Clinic, Department of Pediatrics, AIIMS, for evaluation were included.
Procedures
Baseline demographic details, antenatal and maternal history, family history and antenatal ultrasound data were reviewed for each case soon after stillbirth or fetal death. Detailed external examination and anthropometry were performed in all cases and any malformations were noted and documented. Umbilical cord tissue and skin samples were collected and preserved in normal saline for DNA extraction and karyotyping. Clinical photographs and whole-body X-rays were taken.
Fetuses were stored in 10% formalin in polythene bags and transported to the MRI room. Whole-body MRI with a 1.5-T scanner (Achieva 1.5-T, Philips, The Netherlands) was performed using three-dimensional (3D) DRIVE for the brain, spine, heart and abdomen, axial T2W turbo-spin echo (TSE) for the brain and axial single-shot TSE for the chest and abdomen. Smaller fetuses were scanned using an extremity coil or a head and neck coil, and larger fetuses were scanned using phased-array superficial coils when required. A detailed description of the MRI technique used is provided in Appendix S1. Radiologists interpreting the fetal MRI results were blinded to the clinical findings, including antenatal ultrasound data and external examination, in order to evaluate the diagnostic utility of postmortem MRI alone. Images were interpreted by two radiologists for any structural anomaly in the brain, spine or other part of the body. Radiological diagnosis was based on their consensus opinion, and the findings were documented in a standardized way.
After the MRI examination, the fetus was replaced in 10% formalin in a polythene bag and conventional autopsy was performed as soon as possible by an experienced pathologist according to a standard protocol 27 . The pathologist had access to all clinical information and findings required to make an accurate diagnosis. All internal organs were examined and any malformations observed were described and documented. All organs were stored in 10% formalin for fixation and were examined histopathologically later. After placing the organs back into the body, the fetus was returned to the parents when requested or disposed through the mortuary in a respectful way. The two radiologists and the pathologist were blinded to each other's findings. Data were recorded in a predesigned form and entered in a Microsoft Excel spreadsheet (Microsoft Corp., Redmond, WA, USA) for analysis.
Statistical analysis
To calculate the diagnostic utility of postmortem MRI alone, which was our primary outcome, malformations found on postmortem MRI were compared with those detected by conventional autopsy, and sensitivity, specificity, positive (PPV) and negative (NPV) predictive value of postmortem MRI were calculated, with conventional autopsy as the diagnostic gold standard.
In each case, the final diagnosis based on postmortem MRI was compared with that made by conventional autopsy to evaluate concordance between virtual and conventional autopsies. In addition, the clinical diagnosis that was based on prenatal ultrasound, external examination and whole-body X-ray, was compared with the diagnoses obtained from autopsy and postmortem MRI, and the percentage of final diagnoses that were revised after conventional autopsy vs after postmortem MRI was calculated. The acceptability of conventional and virtual autopsy to parents was determined by calculating the percentage of parents giving consent to conventional or virtual autopsy or both. The study flow is shown in Figure S1 .
The term 'virtual autopsy' as used in this article refers to maternal history, antenatal investigations including ultrasound, external examination of fetus and placenta, whole-body X-ray, postmortem MRI and karyotyping. The term 'postmortem MRI' refers to postmortem MRI only.
RESULTS
During the study period, 63 fetal deaths occurred at ≥ 20 weeks' gestation, and consent for both postmortem MRI and conventional autopsy was obtained from the parents in 52 (82.5%) cases. Two cases were excluded because of a maternal cause of fetal demise, and extensive autolysis after postmortem MRI precluded conventional autopsy in seven fetuses, hence, 43 fetuses were enrolled in the study (Figure 1 ). These comprised 34 stillbirths and nine pregnancies terminated owing to antenatally detected fetal malformations.
Twenty-nine (67.4%), 37 (86.0%) and 43 (100.0%) fetuses underwent postmortem MRI within 5 days, 15 days and 22 days of fetal death, respectively, and 21 (48.8%) and 43 (100.0%) fetuses underwent conventional autopsy (including time taken for full examination and organs to be reunited) within 30 days and 49 days, respectively, owing to practical limitations. Among stillborn fetuses, 16 were ≥ 20 to < 24 weeks, five were ≥ 24 to < 28 weeks and 13 were ≥ 28 weeks' gestation, with a mean gestational age of 25 weeks. Twenty-three fetuses were female, 19 were male and one fetus had ambiguous genitalia. Mean birth weight was 765.5 g (range, 210-2960 g). There were three twin pregnancies in the study group, two of which resulted in stillbirth. Of the two sets of stillborn twins, one comprised monochorionic twins with twin reversed arterial perfusion (pump and acardiac twin) and the other set were dichorionic twins, of which one was normal and the other had a single umbilical artery. The third pair of twins were dichorionic, and this pregnancy was terminated owing to antenatally detected malformations (arthrogryposis and clubfoot).
No congenital malformation was detected in eight (18.6%) of the 43 fetuses after complete conventional autopsy. Six of them had intrauterine growth restriction based on the combined findings of thymic hypoplasia (n = 3), weight of brain to liver ratio > 4 (n = 3) and weight < 10 th centile for gestational age (n = 6) [28] [29] [30] [31] . Five fetuses had a single minor malformation and 30 fetuses had multiple congenital malformations 32 . The gestational ages of the fetuses with or without malformations are shown in Table 1 . The number of fetuses with individual system malformations is shown in Figure 2 ; musculoskeletal system malformations were the commonest.
Conventional vs virtual autopsy
In 35 (81.4%) out of 43 cases, the final diagnosis based on virtual autopsy was in agreement with that of conventional autopsy. The other eight cases, in which conventional autopsy was required for the complete final diagnosis, involved either cardiovascular or gastrointestinal malformations.
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conventional autopsy as the reference standard, are provided in Table 2 . The diagnostic accuracy of postmortem MRI in conjunction with external examination, with conventional autopsy as the reference standard, is presented in Table S1 . This additional set of results is provided for comparison with the primary results, as few external malformations either discordant with or missed on postmortem MRI were visible at external examination of the fetuses.
Malformations found on conventional autopsy, postmortem MRI alone and postmortem MRI in conjunction with external examination are shown in Table S2 . Six malformations (gastrointestinal system (n = 3), renal system (n = 2) and genital system (n = 1)) found on postmortem MRI were discordant with those found on conventional autopsy, as shown in Table 3 .
Revision of clinical diagnosis based on conventional and virtual autopsy
Clinical diagnoses based on antenatal ultrasound, external examination of the fetus and whole-body X-ray were revised after postmortem MRI findings in 14 cases (32.6%) and after conventional autopsy in 18 cases (41.9%) (Table S3) . In a few cases, additional malformations were detected or confirmed on both conventional autopsy (n = 3/25) and virtual autopsy (n = 4/29), though the diagnosis was not revised. With respect to nervous system malformations, postmortem MRI provided additional information (periventricular calcification, abnormal white matter, corpus callosum agenesis, diastematomyelia and mild ventriculomegaly) in five cases, compared with conventional autopsy. There was one case in which postmortem MRI could not be reported owing to deformation of the head at birth, and semilobar holoprosencephaly was reported on conventional autopsy. One fetus with Dandy-Walker variant and one fetus with Fryn syndrome are shown in Figure S2 and Figure 3 , respectively.
With regard to malformations of the cardiovascular system, postmortem MRI provided partial diagnosis of complex congenital heart disease in six cases; however, one malformation was missed, as shown in Table S2 . A case of hypoplastic right heart syndrome with pulmonary atresia, identified both on postmortem MRI and conventional autopsy, is shown in Figure 4 . With respect to extracardiac thoracic malformations, postmortem MRI correctly identified all gross lung malformations (n = 20), including absent lungs, pulmonary hypoplasia with pleural effusion (Figure S3 ), diaphragmatic defects ( Figure 3 ) and tracheal atresia, but could not identify minor anatomical defects (n = 4) such as abnormal lobation and incomplete horizontal fissure and agenesis of the thymus.
With respect to gastrointestinal malformations, three malformations detected on postmortem MRI were discordant with those found on conventional autopsy (Table 3) , while several (n = 7) malformations including anal atresia, intestinal perforation, fibrinous peritonitis, polysplenia and dystrophic calcification of the spleen were missed on postmortem MRI. A case of simple hepatic cyst identified at conventional autopsy, which was reported as abdominal cyst/suspected urinoma/meconium pseudocyst on postmortem MRI, is shown in Figure 5 .
With respect to the renal system, postmortem MRI correctly identified most of the major malformations (n = 10) including posterior urethral valve with hydroureteronephrosis ( Figure 6 ), autosomal recessive polycystic kidney disease (ARPKD), hypoplastic/dysplastic kidneys, renal agenesis and ectopic kidney (Figure 7) , though two reported malformations were discordant with those found at conventional autopsy (Table 3) . Abnormal shape of the kidneys was missed in one case on postmortem MRI. The diagnosis of posterior urethral valve was based on abnormal findings of the bladder and urinary tract, as valves per se were not detected at postmortem MRI. In a case of bilateral ARPKD, the parents gave consent for limited autopsy (internal examination of kidneys only) because of their religious beliefs. Postmortem MRI correctly diagnosed ARPKD with bilateral pulmonary hypoplasia, which was also diagnosed on prenatal ultrasound. In the same case, postmortem MRI provided additional information of dilated intrahepatic bile ducts suggestive of Caroli's disease, which could have been missed as it was not seen at prenatal ultrasound and also owing to lack of consent to complete a conventional autopsy. In one case of antenatally diagnosed bilateral ARPKD with severe oligohydramnios, the kidneys were normal at both conventional autopsy and postmortem MRI. The number of genital malformations was low (n = 2) and sex was determined in all cases on postmortem MRI. In one fetus in which the gonads were absent at conventional autopsy, internal genital organs were not seen at postmortem MRI. One case of hypospadias was missed by postmortem MRI.
Finally, with regard to the musculoskeletal system, postmortem MRI identified most of the gross malformations (n = 31) that were seen at external examination and whole-body X-ray, though it could not differentiate between antemortem joint contractures and postmortem joint fixation, and a few (n = 13) malformations were missed (Table S2 ). However, in two cases (vertebral segmentation defect and fused cervical vertebrae), postmortem MRI provided better anatomical delineation than did whole-body X-ray.
Acceptability of conventional and virtual autopsy to parents
Out of 63 cases of fetal death screened, parents gave their consent only for postmortem MRI (conventional autopsy was denied because of religious beliefs and emotional distress due to disfigurement of the fetus) in nine cases and for both conventional autopsy and postmortem MRI in 52 cases, while the parents denied consent for both conventional autopsy and postmortem MRI in two cases owing to their religious beliefs. The consent rate for postmortem MRI was 96.8% and for conventional autopsy it was 82.5%, a statistically significant difference (P = 0.016). 
DISCUSSION
In this study, the diagnostic accuracy of virtual autopsy with postmortem MRI was compared with that of conventional autopsy in 43 fetal deaths. In 35 cases (81.4%), the final diagnosis based on virtual autopsy agreed with the diagnosis based on conventional autopsy. Several studies from Western countries that compared whole-body postmortem MRI with conventional autopsy in fetuses also showed that postmortem MRI provides diagnostic information that is clinically significant and comparable with that of conventional autopsy in most cases, but cannot replace conventional autopsy, which remains the gold standard. A summary of these studies is shown in Table S4 21-24,33 . The fetal brain has a high water content and is more friable, particularly in cases of termination of pregnancy, hence it requires lengthy formalin preservation before dissection. Even after preservation, brain tissue may be too friable for detailed examination. In some cases, autolysis prevented a detailed examination of the brain by conventional autopsy. Postmortem MRI allows for the in-situ examination of the brain without anatomical and hydrostatic disturbance, provides the diagnostic information without delay and hence has better sensitivity for brain and spinal cord malformations and provides additional information when fetal brain examination would be difficult at conventional autopsy [21] [22] [23] 33, 34 . Postmortem MRI had a poor sensitivity for cardiovascular malformations and provided partial diagnosis in complex congenital malformations. A poor detection rate for cardiac malformations is also documented in other studies [22] [23] [24] 33, 35 . The detection of cardiac malformations may be improved with high-resolution MRI at 9.4 T 36 , utilization and acquisition of 3D MRI 21, 37 and further expertise 21 .
postmortem MRI provides further diagnostic information on brain and spinal cord malformations and is more acceptable to parents.
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